Introduction {#s1}
============

The contrast sensitivity function (CSF) provides a comprehensive assessment of spatial vision at a variety of spatial frequencies,^[@i2164-2591-7-6-9-b01]^ and is used to evaluate and screen a variety of visual disorders.^[@i2164-2591-7-6-9-b02][@i2164-2591-7-6-9-b03][@i2164-2591-7-6-9-b04][@i2164-2591-7-6-9-b05][@i2164-2591-7-6-9-b06][@i2164-2591-7-6-9-b07]--[@i2164-2591-7-6-9-b08]^ The conventional CSF measurement in the laboratory is very time-consuming,^[@i2164-2591-7-6-9-b09]^ while the clinically available chart for CSF assessment, such as the Vistech chart or Functional Acuity Contrast Test (FACT) exhibited very poor test--retest reliability.^[@i2164-2591-7-6-9-b10],[@i2164-2591-7-6-9-b11]^ Recently, Lesmes et al.^[@i2164-2591-7-6-9-b12]^ developed the Bayesian adaptive quick CSF (qCSF) method to efficiently measure the CSF with high precision and accuracy. The method was further improved by incorporating a 10-alternative forced choice (10AFC) letter identification task.^[@i2164-2591-7-6-9-b13]^

In addition to its efficiency and precision, the qCSF has shown great test--retest reliability as well as sensitivity in detecting changes of visual functions.^[@i2164-2591-7-6-9-b14]^ The qCSF has been used to measure the CSF in several clinical populations, including subjects with amblyopia,^[@i2164-2591-7-6-9-b15],[@i2164-2591-7-6-9-b16]^ multiple sclerosis,^[@i2164-2591-7-6-9-b06]^ dry age-related macular degeneration,^[@i2164-2591-7-6-9-b17]^ central serous chorioretinopathy (Marmalidou, et al. *IOVS*, 2018;59:ARVO E-Abstract 3126), glaucoma,^[@i2164-2591-7-6-9-b18]^ early diabetic retinopathy,^[@i2164-2591-7-6-9-b19]^ and aging.^[@i2164-2591-7-6-9-b20]^ It also has been used to investigate dynamic effects of visual adaptation,^[@i2164-2591-7-6-9-b21]^ the time course of postoperative recovery of the CSF of patients who experienced extended periods of early-onset blindness,^[@i2164-2591-7-6-9-b22]^ visual performance change after blur adaptation,^[@i2164-2591-7-6-9-b23]^ and the impact of emotional arousal on the CSF,^[@i2164-2591-7-6-9-b24]^ as well as CSF in peripheral vision.^[@i2164-2591-7-6-9-b25]^ These studies demonstrated the potential of the qCSF method in clinical applications.

The qCSF method implemented with the 10AFC task and Sloan letter stimuli is approximately two times more efficient than that implemented with the 2AFC grating orientation identification task in the original qCSF development.^[@i2164-2591-7-6-9-b13]^ Letter identification is also a task more relevant to daily vision than the grating orientation identification task.^[@i2164-2591-7-6-9-b26]^ However, people in non-Latin alphabet--using countries who are unfamiliar with English letters cannot benefit from the more efficient qCSF test with letter stimuli. To address this problem, we implemented the qCSF method with a new set of Arabic digit stimuli in a 10AFC digit identification task in this study.

The Arabic numeral set, 0--9, is the most commonly used symbolic system in the world.^[@i2164-2591-7-6-9-b27]^ Arabic digit stimuli already have been used in assessing visual acuity (Early Treatment of Diabetic Retinopathy Study \[ETDRS\] number charts; Precision Vision, Woodstock, IL), contrast sensitivity,^[@i2164-2591-7-6-9-b28]^ and crowding effects.^[@i2164-2591-7-6-9-b29]^ However, the digit fonts used to generate the stimuli in those studies are not suitable for the CSF test. The fonts used in the ETDRS number chart and contrast sensitivity chart of Khambhiphanta et al.^[@i2164-2591-7-6-9-b28]^ are very similar. Both have a very uneven similarity structure in which digits 3, 6, 8, and 9 are much more confusable with each other than with the other digits. Khambhiphanta et al.^[@i2164-2591-7-6-9-b28]^ found that their observers performed much worse in identifying digits 3, 6, 8, and 9 than other digits. This is probably why only a subset of the 10 digits is used in the ETDRS number chart and the Khambhiphanta et al.^[@i2164-2591-7-6-9-b28]^ contrast sensitivity chart. Since test efficiency increases with the number of alternatives in forced-choice identification tasks,^[@i2164-2591-7-6-9-b13]^ using only a subset of the 10 digits would make the test less efficient. It also may introduce unwanted memory burdens on the observer^[@i2164-2591-7-6-9-b30]^ and additional complications to the underlying psychophysical model of the qCSF test.

The crowding chart designed by Pelli et al.^[@i2164-2591-7-6-9-b29]^ has nine digits with a font specially designed to have a 1:5 width-to-height ratio to measure crowding effects. The 1:5 width-to-height ratio renders the digits not suitable for the CSF test because they became very difficult to recognize after we filtered them with a radially isotropic log-cosine filter.^[@i2164-2591-7-6-9-b31],[@i2164-2591-7-6-9-b32]^ Here, we redesigned the font of the digit stimuli for the qCSF test.

In this study, we aim to implement and validate the qCSF method in a 10AFC task with a new digit optotype set. We first redesigned the font of the 10 digits so that the digit stimuli had a more even similarity structure among them and, thus, less response bias. The digits were bandpass filtered to create suitable stimuli for the CSF test. The similarity structure of digit stimuli in the new font were examined and compared with that of digit stimuli used by Khambhiphanta et al.^[@i2164-2591-7-6-9-b28]^ We then implemented the qCSF method with the new digit stimuli and validated the method with young and old observers. The latter are representative of a Chinese population that cannot read letters. For the purpose of validation, the Psi method^[@i2164-2591-7-6-9-b33]^ was used to provide an independent measure of contrast sensitivity in a range of spatial frequencies. The results obtained from the Psi method were used as references to evaluate qCSF performance. Because CSF has been reported to decrease with age,^[@i2164-2591-7-6-9-b34]^ we also evaluated the performance of the qCSF method in detecting the CSF difference between the old and young observers.

Methods {#s2}
=======

Observers {#s2a}
---------

Five graduate students (25.8 ± 1.10 years) at Wenzhou Medical University and five old observers (65.0 ± 5.15 years) from the local communities in Wenzhou, Zhejiang, China participated in the study. All but one author (Y5) were naive to the study purpose. All observers had normal or corrected-to-normal vision (minimal angle resolvable \[MAR\], ≤1.0 arcmin) and no history of mental diseases. The young observers showed no sign of any eye disease. The old observers showed no sign of eye disease other than cataract. They were free from diabetes, hypertension, and cognitive deficits (Mini-Mental State Examination \[MMSE\] \> 26 points). An ophthalmologist (author \#2) and a graduate student in ophthalmology and optometry (author \#1) prescribed the best optical corrections at the test distance for all observers. The study protocol adhered to the tenets of the Declaration of Helsinki and was approved by the institutional review board of human subjects\' research of the Eye Hospital, Wenzhou Medical University. Written informed consent was obtained from each observer before the experiment.

Apparatus {#s2b}
---------

The programs used in the experiment were written in MATLAB (MathWorks, Natick, MA) with Psychtoolbox extensions^[@i2164-2591-7-6-9-b35]^ and run on a Mac minicomputer (Model No. A1347; Apple, Inc., Cuppertino, CA). Stimuli were displayed on a gamma-corrected Asus flat panel monitor (PG279Q; Asus Corp., Taipei, Taiwan) with a mean luminance of 91.2 cd/m^2^. The display had a spatial resolution of 2560 × 1440 pixels and a refresh rate of 60 Hz. Each pixel subtended 0.01° at a viewing distance of 1.34 m. A bit-stealing algorithm was used to achieve 9-bit gray-scale resolution.^[@i2164-2591-7-6-9-b36]^ Observers viewed the display binocularly with their best corrections, if any, in a dark room. A chin/forehead rest was used to minimize head movement during the experiment.

Stimuli {#s2c}
-------

The new digit font was designed to follow the specifications for Sloan optotypes.^[@i2164-2591-7-6-9-b37]^ The detailed specifications for the new digit font are shown in [Figure 1a](#i2164-2591-7-6-9-f01){ref-type="fig"}. To improve the similarity structure among the digit stimuli, major changes were made to digits 3, 6, and 9 to reduce the similarities among them.

![(a) The new digit font shown with design specifications. (b) Band-pass filtered digit stimuli. (c) Filtered digit stimuli in different spatial frequency conditions.](i2164-2591-7-6-9-f01){#i2164-2591-7-6-9-f01}

All 10 digits in the new font were filtered with a raised cosine filter that had a center frequency of 3 cycles per object and a full bandwidth at half height of 1 octave.^[@i2164-2591-7-6-9-b31],[@i2164-2591-7-6-9-b32]^ The pixel intensity of each filtered image was normalized by the maximum absolute intensity of the image such that, after normalization, the maximum absolute Michelson contrast of the image is 1.0 ([Fig. 1b](#i2164-2591-7-6-9-f01){ref-type="fig"}). Stimuli with different contrasts were obtained by scaling the intensities of the normalized images with corresponding contrast values. The filtered images were resized to generate stimuli with different central spatial frequencies ([Fig. 1c](#i2164-2591-7-6-9-f01){ref-type="fig"}).

Design {#s2d}
------

The CSF was measured with the qCSF method.^[@i2164-2591-7-6-9-b12],[@i2164-2591-7-6-9-b13]^ In addition, contrast sensitivities at 0.50, 1, 2, 4, 8, and 15.8 cycles per degree (cpd) were measured using the Psi method.^[@i2164-2591-7-6-9-b33]^ Each observer finished four experimental sessions in four separate days. One experimental session comprised 300 trials of two consecutive qCSF runs (150 trials × 2 runs) randomly interleaved with 300 trials of the Psi method to measure contrast sensitivities at six spatial frequencies (50 trials × 6 frequency conditions), and lasted approximately 50 minutes.

In the beginning of the experiment, observers were given approximately 200 practice trials to become familiar with the experimental setting and procedure. Before starting each day\'s session, observers were given 5 minutes to adapt to the dark test environment. Some old observers who usually did not wear spectacles were given an additional 25 minutes to become used to their prescribed optical correction.

Procedure {#s2e}
---------

Each trial began with a brief tone signaling its onset and the presentation of a crosshair fixation (250 ms) in the center of the screen, followed by a blank screen (125 ms) with background luminance (91.2 cd/m^2^). Then, a filtered digit stimulus was presented for 133 ms, followed by a 500 ms response screen that showed all 10 digits to facilitate response collection. The stimulus duration of 133 ms was used because it was short enough to minimize potential effects of saccade^[@i2164-2591-7-6-9-b38]^ and also long enough to reach the critical stimulus duration for temporal integration at the spatial frequencies tested.^[@i2164-2591-7-6-9-b39],[@i2164-2591-7-6-9-b40]^

Digits in the response screen were arranged as a 2 × 5 matrix and presented in the center of the display. Same paradigm was used in our previous work.^[@i2164-2591-7-6-9-b32]^ Young observers were instructed to use the keyboard to type or mouse to select the digit they saw. Old observers were asked to verbally report the identity of the test digit. Their responses were entered by the experimenter via the computer keyboard. No feedback was provided during the experiment. A new trial started 500 ms after the response.

Analysis {#s2f}
--------

To examine the properties of the new digit stimuli, the complex wavelet structural similarity indexes (CW-SSIM)^[@i2164-2591-7-6-9-b41]^ were calculated for the 10 digits in our newly created font. The CW-SSIM is an image similarity index based on textural and structural properties of localized regions of an image pair. It takes into account of the properties of the human visual system and is insensitive to small rotations and translations. For the 10-digit images, the CW-SSIM matrix is 10 × 10, with ones on the main diagonal (the similarity of two identical images is one). Because the CW-SSIM matrix is symmetric (the similarity between images A and B is the same as that between images B and A), we only analyzed the 45 pairwise CW-SSIMs between different digits. The same procedure was followed to obtain the CW-SSIMs of the 10 digits created by Khambhiphanta et al.^[@i2164-2591-7-6-9-b28]^ and the filtered images of the new digits. Comparisons of the two CW-SSIM matrices were made.

As a parametric procedure, the qCSF method estimates the entire CSF curve represented by the four parameters: peak gain, peak spatial frequency, bandwidth at half-height, and low-frequency truncation level.^[@i2164-2591-7-6-9-b12],[@i2164-2591-7-6-9-b42]^ The contrast sensitivities at desired spatial frequencies, the area under the log CSF curve (AULCSF), which is a widely used summary metric of the CSF function,^[@i2164-2591-7-6-9-b15],[@i2164-2591-7-6-9-b43],[@i2164-2591-7-6-9-b44]^ and the cutoff spatial frequency (Cut-Off), which characterizes the high-frequency resolution of the visual system^[@i2164-2591-7-6-9-b45],[@i2164-2591-7-6-9-b46]^ can be derived from the measurement.

To directly compare the results from the qCSF and Psi methods, contrast sensitivities at 0.50, 1, 2, 4, 8, and 15.8 cpd were derived from the qCSF measurement and used in the analysis. Unless otherwise stated, the average CSFs of the observers across all measurement sessions were used in comparing the two methods and in evaluating the difference between the two groups.

In computing the correlation coefficient between the estimated CSFs from the two methods, calculation of precision and RMSE of the estimated CSFs from the qCSF method, and determining the sensitivity of the qCSF method in detecting the CSF difference between the young and old groups, the CSF from a single qCSF run or the CSFs of all eight runs were used.

Results {#s3}
=======

Properties of the New Digit Font {#s3a}
--------------------------------

The CW-SSIMs of the 10 digits in the new font are plotted against those in the font used by Khambhiphanta et al.^[@i2164-2591-7-6-9-b28]^ in [Figure 2](#i2164-2591-7-6-9-f02){ref-type="fig"}. The mean CW-SSIMs for the digits in the font used by Khambhiphanta et al.^[@i2164-2591-7-6-9-b28]^ and the new font were 0.373 ± 0.240 and 0.355 ± 0.166, respectively. Histograms of the CW-SSIMs of the digits in the two fonts also are shown on the top and left of [Figure 2](#i2164-2591-7-6-9-f02){ref-type="fig"}, respectively. The variability of the CW-SSIMs of the digits with the new font is significantly less than that of the digits with the font used in the Khambhiphanta et al.^[@i2164-2591-7-6-9-b28]^ chart, Levene\'s test, *F*(1, 88) = 6.36, *P* = 0.014. This result suggested that the similarity structure of the digit has been significantly improved in the new font.

![The CW-SSIMs of the digits in the new font are plotted against those of the digits in the font used by Kambhiphanta et al.^[@i2164-2591-7-6-9-b28]^ The histogram on the top of the figure shows the distribution of the CW-SSIM of the digit stimuli in the font of Kambhiphanta et al.^[@i2164-2591-7-6-9-b28]^ The histogram on the left shows the distribution of CW-SSIM of the digit stimuli in the new font.](i2164-2591-7-6-9-f02){#i2164-2591-7-6-9-f02}

Because filtered digits were used to measure CSF, we also computed the CW-SSIM of the filtered digits in the new font. Filtering greatly reduced the variability of the similarity between digit pairs. The mean CW-SSIM was 0.608 ± 0.126 for the filtered digit stimuli. The variance of the CW-SSIM of the filtered digit stimuli was marginally smaller than that for the unfiltered digits, Levene\'s test, *F*(1, 88) = 3.02, *P* = 0.086. The coefficient of variation (relative standard deviation) of the CW-SSIM for the filtered digit stimuli 20.7% was quite small.

Comparing CSFs Measured by the qCSF and Psi Methods {#s3b}
---------------------------------------------------

[Figure 3](#i2164-2591-7-6-9-f03){ref-type="fig"} shows the estimated CSFs from the qCSF method (red curves) and the estimated contrast sensitivities at the six spatial frequencies from the Psi method (blue circles) for each observer. The estimated contrast sensitivities from the two methods matched well with each other, indicating good validity of the qCSF test.

![Estimated CSFs obtained with the qCSF method (red curves) and the Psi method (blue circles). Y1∼Y5, young observers; O1 ∼ O5, old observers. The red-shaded regions and the blue error bars indicate ±1 inter-run SD for the qCSF and Psi methods, respectively.](i2164-2591-7-6-9-f03){#i2164-2591-7-6-9-f03}

Using the estimated contrast sensitivities from the Psi method as references, we could quantitatively check the validity of the qCSF method. With the truncated parabola assumption, the contrast sensitivities obtained from the qCSF method were constrained by the functional form across spatial frequencies. We could not directly compute the correlation coefficient between the estimated contrast sensitivities obtained by the qCSF and Psi methods. Here, we used a novel procedure developed previously^[@i2164-2591-7-6-9-b14]^ to assess the correlation between the estimated CSFs from the two methods. The general idea is to eliminate the constrains on the estimated contrast sensitivities obtained from the qCSF method by using estimated contrast sensitivity at each spatial frequency from different qCSF measurements. (1) For each of the six spatial frequencies, we randomly selected one of the eight qCSF runs (without replacement) and obtained contrast sensitivities at that spatial frequency from the selected qCSF measurement; (2) we repeated step 1 six times to obtain contrast sensitivities at all six spatial frequencies, each of which was from an independent qCSF run; (3) we performed steps 1 and 2 for all the observers; (4) we computed the correlation coefficient between the synthesized CSF and the CSF obtained from the Psi method across all spatial frequencies and observers; and (5) we repeated steps 1 to 4 five hundred times, and calculated the average correlation coefficient. The results of a single iteration (steps 1--4) of the procedure are shown in [Figures 4a](#i2164-2591-7-6-9-f04){ref-type="fig"} and [4b](#i2164-2591-7-6-9-f04){ref-type="fig"} for the young and old observers, respectively.

![Illustration of a single iteration of the correlation analysis. The synthesized CSF consisted of six contrast sensitivities (each from a different qCSF run) plotted against the contrast sensitivities from the Psi method for the young (a) and old (b) groups. Different colors represent data obtained in different sessions. Different symbols represent data from different observers.](i2164-2591-7-6-9-f04){#i2164-2591-7-6-9-f04}

In this procedure, the contrast sensitivities at different spatial frequencies are from completely different qCSF runs and, therefore, independent. The average correlation coefficient was 0.982 ± 0.005 and 0.985 ± 0.004 for the young and old observers, respectively, indicating that the estimated CSFs obtained with the qCSF method matched well with those obtained with the Psi method.

In addition to the correlation analysis, we performed a Bland-Altman analysis^[@i2164-2591-7-6-9-b47]^ to quantify the agreement between the estimated CSFs from the qCSF and Psi methods. [Figures 5a](#i2164-2591-7-6-9-f05){ref-type="fig"} and [5b](#i2164-2591-7-6-9-f05){ref-type="fig"} show the Bland-Altman plots for the young and old observers. The mean difference was 0.017 and 0.023 log10 units, respectively. In comparison, the limits of agreement were ± 0.126 and ± 0.120 log10 units for the two groups, respectively.

![(a) The Bland--Altman plot of the estimated contrast sensitivities from the qCSF and Psi methods of the young group: the difference between the estimates from the two methods against the mean of the estimates from the two methods. (b) The Bland--Altman plot for the old group. Different symbols represent different observers. (c) The average RMSE of the young observers (blue curve) and old observers (red curve) as a function of qCSF trial number. Shaded area represents ±1 SD.](i2164-2591-7-6-9-f05){#i2164-2591-7-6-9-f05}

We also computed the root mean squared error (RMSE) between the estimated contrast sensitivities from each qCSF trial and the final estimates from the Psi method.^[@i2164-2591-7-6-9-b48]^ The RMSEs of the young and old observers are plotted as a function of trial number in [Figure 5c](#i2164-2591-7-6-9-f05){ref-type="fig"}. The RMSE decreased rapidly in the first 30 trials and leveled off to 0.053 ± 0.023 and 0.053 ± 0.006 log10 units for the young and old observers, respectively. There was no significant difference between the RMSEs of the two groups, two-sample *t*-test, *t*(8) = 0.011, *P* = 0.992. Again, the estimated contrast sensitivities from the two methods matched well with each other.

Precision of the qCSF Method {#s3c}
----------------------------

The precision of a method is the reciprocal of the variability of its estimates. To examine the precision of the qCSF method, we computed the standard deviation of the estimated CSFs from different qCSF runs and the half width of the 68.2% credible interval (HWCI)^[@i2164-2591-7-6-9-b49]^ of the posterior distribution of the CSF measured in a single run.^[@i2164-2591-7-6-9-b13],[@i2164-2591-7-6-9-b14]^

The average standard deviations (SD) of the estimated CSFs of the young and old observers are plotted as a function of trial number in [Figure 6a](#i2164-2591-7-6-9-f06){ref-type="fig"}. For both groups, the average SD decreased rapidly to 0.1 log10 units in the first 30 trials, one-sample *t*-test, *t*(4) = 1.83, *P* = 0.140 for young observers; *t*(4) = 1.40, *P* = 0.233 for old observers, and leveled off to 0.063 ± 0.017 and 0.074 ± 0.032 log10 units after approximately 60 trials for the young and old groups, respectively, with no significant difference in the asymptotic level between the groups, two-sample *t*-test, *t*(8) = 0.693, *P* = 0.508. For the young group, the average SD of the estimated CSFs from the qCSF method after 75 trials reached that of the estimated CSFs from the psi method in 150 trials, 0.076 ± 0.019 versus 0.060 ± 0.020, paired *t*-test, *t*(4) = 2.61, *P* = 0.06. For the old group, the average SD of the estimated CSFs from the qCSF method after 60 trials reached that of the estimated CSFs from the psi method in 150 trials, 0.095 ± 0.027 versus 0.083 ± 0.035, paired *t*-test, *t*(4) = 2.05, *P* = 0.11. The results suggested that the qCSF is much more efficient than the Psi method in estimating the CSF.

![(a) The average standard deviations of the estimated CSFs from the qCSF method as functions of trial number for the two groups, along with the average SD from 150 Psi trials. (b) The average 68.2% HWCI of the estimated CSFs as functions of trial number for the two groups, along with the average HWCI from 150 Psi trials. Blue and red curves represent the results for the young and old groups, respectively. Shaded area represents ±1 SD for the qCSF. Error bar: represents ±1 SD for the Psi method.](i2164-2591-7-6-9-f06){#i2164-2591-7-6-9-f06}

The average 68.2% HWCIs of the estimated CSFs obtained with the qCSF method is plotted as functions of trial number in [Figure 6b](#i2164-2591-7-6-9-f06){ref-type="fig"}. Similar to the SD, the HWCI decreased rapidly in the first 30 trials, reached 0.1 log10 units after 31 trials, one-sample *t*-test, *t*(4) = 0.320, *P* = 0.765 for young observers; *t*(4) = 1.93, *P* = 0.126 for old observers, and leveled off to 0.040 ± 0.002 and 0.040 ± 0.003 log10 units after approximately 60 trials for the young and old groups, respectively, with no significant difference in the asymptotic level between the groups, two-sample *t*-test, *t*(8) = 0.06, *P* = 0.954. For the young group, the average HWCI of the estimated CSFs from the qCSF method after 75 trials reached that of the estimated CSFs from the Psi method in 150 trials, 0.065 ± 0.004 versus 0.062 ± 0.003 log10 units, paired *t*-test, *t*(4) = 2.06, *P* = 0.11. For the old group, the average HWCI of the estimated CSFs from the qCSF method after 60 trials reached that of the estimated CSFs from the Psi method in 150 trials, 0.07 ± 0.007 versus 0.06 ± 0.01 log10 units, paired *t*-test, *t*(4) = 2.59, *P* = 0.061. Again, the results suggest that the qCSF is approximately two times as efficient as the Psi method in estimating the CSF.

Comparing the CSFs Between the Young and Old Groups {#s3d}
---------------------------------------------------

For the estimated CSFs from the Psi method, a repeated measures analysis of variance (ANOVA) showed that group had a significant effect, *F*(1, 8) = 7.7, *P* = 0.024. There was a marginally significant interaction between group and spatial frequency, *F*(1, 8) = 5.26, *P* = 0.051. We also performed group comparisons on the CSF parameters obtained from the qCSF method, which included the peak sensitivity, peak frequency, bandwidth, truncation, AULCSF and the cutoff frequency^[@i2164-2591-7-6-9-b12],[@i2164-2591-7-6-9-b15]^ ([Fig. 7](#i2164-2591-7-6-9-f07){ref-type="fig"}). The peak gain and AULCSF of the old group were significantly lower than those of the young group, two-sample *t*-test, *t*(8) = 3.64, *P* = 0.007 for peak sensitivity; *t*(8) = 2.52, *P* = 0.036 for AULCSF. No significant difference was found on peak frequency, cutoff frequency, bandwidth, and truncation (all *P*s \> 0.05).

![Group comparisons of CSF parameters. Blue, young group; Red, old group. Error bar: represents SD. \*Statistical significance.](i2164-2591-7-6-9-f07){#i2164-2591-7-6-9-f07}

To evaluate the sensitivity of the qCSF in detecting the CSF difference between the young and old groups, we compared the peak sensitivity and AULCSF measured by the qCSF between the two groups in each trial. We ran two-sample *t*-tests on peak sensitivity and AULCSF measured in the first qCSF run. The *P* values for the comparisons are plotted as functions of trial number in [Figures 8a](#i2164-2591-7-6-9-f08){ref-type="fig"} and [8b](#i2164-2591-7-6-9-f08){ref-type="fig"}, respectively. After 17 trials, the peak sensitivity difference between the two groups became significant, *t*(8) = 2.67, *P* = 0.028 in the 17th trial, and remained significant thereafter. After eight trials, the AULCSF difference between the two groups became significant, *t*(8) = 2.60, *P* = 0.031 at the eighth trial, and remained significant for most of the trial thereafter. We also ran a two-way repeated measure ANOVA on all eight qCSF runs. Trial number and group were within-subject and between-subject factors, respectively. The *P* values of the group effect are plotted as functions of trial number for peak sensitivity and AULCSF in [Figures 8a](#i2164-2591-7-6-9-f08){ref-type="fig"} and [8b](#i2164-2591-7-6-9-f08){ref-type="fig"}. After only seven trials for peak sensitivity and one trial for AULCSF, the group effect became significant, peak sensitivity: *F*(1, 8) = 9.92, *P* = 0.014 in the 7th trial; AULCSF: *F*(1, 8) = 9.10, *P* = 0.017 in the 1st trial.

![P values for group comparisons of peak sensitivity (a) and AULCSF (b) as functions of trial number. The blue curves represent P values for the two-sample t-test on the data from the first qCSF run. The red curves represent P values of the group effect in the repeated measure ANOVA on the data from all eight qCSF runs.](i2164-2591-7-6-9-f08){#i2164-2591-7-6-9-f08}

Discussion {#s4}
==========

In this study, our major aim was to implement the qCSF method in a 10-digit identification task for people who are not familiar with English letters. We first designed a new digit font, and then implemented and validated the qCSF method with the 10-digit identification task with young and old observers. We found that the new digit font had a significantly improved similarity structure. The estimated CSFs from the qCSF method matched those measured by the Psi method (correlation coefficient \> 0.98, RMSE = 0.053 log10 units). The standard deviation and 68.2% HWCI of the estimated CSFs from the qCSF method reached 0.1 log10 units with approximately 30 trials or 3 minutes. The precision of the qCSF method with approximately 75 trials reached that of the Psi method in 150 trials. We also found that the qCSF can reveal the CSF difference between the young and old groups with fewer than 20 trials. The qCSF with 10-digit identification exhibited similar performance as the qCSF method with 10-AFC letter identification.^[@i2164-2591-7-6-9-b13]^ Both qCSF methods can reach 0.1 log10 units precision in 2 to 3 minutes.

For multialternative forced choice tasks (m-AFC), there could be response bias if all alternatives are nonorthogonal and nonequivalent.^[@i2164-2591-7-6-9-b50],[@i2164-2591-7-6-9-b51]^ Based on signal detection theory,^[@i2164-2591-7-6-9-b52]^ the response choices depend on the relative similarities among the alternative set. It has been found that the confusion matrix in letter recognition was determined by the similarity in spatial frequency content of the letters.^[@i2164-2591-7-6-9-b53]^ For digit stimuli with uneven similarities, some alternatives are more favored than others. In reality, we cannot completely eliminate the similarity between the digits. So the key of a good font design for the 10-digit identification task is to make the similarity of all digit pairs as equal as possible, that is, minimize the variance of the similarities across digit pairs. Our newly designed fonts for 10 digits had an improved similarity structure with reduced standard deviation of the similarity across digit pairs when compared to those used in the Khambhiphanta et al.^[@i2164-2591-7-6-9-b28]^ chart (SD of CW-SSIM, 0.166 vs. 0.234). Due to this improved similarity structure, we suggested that the digit font designed in the current study should be adopted by other visual tests with digit stimuli, such as visual acuity and contrast sensitivity charts.

For the CSF test, we filtered all the digit stimuli with a one-octave bandwidth log-cosine filter^[@i2164-2591-7-6-9-b31],[@i2164-2591-7-6-9-b32]^ and reduced the difference in spatial frequency content among them. Although the mean CW-SSIM of the filtered digits was greater than that of the unfiltered digits (0.608 vs. 0.355, Wilcoxon signed rank test, *z* = 5.84, *P* = 5.18 × 10^−9^), the variability of the CW-SSIM of the filtered digits was only marginally smaller than that of the unfiltered digits, Levene\'s test, *F*(1, 88) = 3.02, *P* = 0.086. Again, because the response choices depend on the relative not absolute similarities of the stimuli, the filtered stimuli should reduce the response bias during the CSF test.

As a Bayesian adaptive procedure, the qCSF method generates not only the estimated contrast sensitivity but also the variability of the contrast sensitivity in a single run. The intra-run variability of the estimated CSF, represented by the 68.2% HWCI of the posterior distribution of the CSF (0.040 log10 units), was less than the inter-run variability, represented by the standard deviation of repeated CSF estimates (0.063 ± 0.017 and 0.074 ± 0.032 log10 units for the young and old groups, respectively, [Fig. 6](#i2164-2591-7-6-9-f06){ref-type="fig"}), while our previous study reported that the HWCI and standard deviation were very similar.^[@i2164-2591-7-6-9-b13]^ The observed difference in this study was probably due to a practice effect, which increased the intersession (across day) variability.

The qCSF method exploits a well-established functional relationship between contrast sensitivity and spatial frequency.^[@i2164-2591-7-6-9-b42]^ Instead of measuring contrast sensitivity at one spatial frequency at a time, the qCSF method uses the information from the observer\'s response in every single trial at different spatial frequency and contrast condition to infer the entire CSF. The inference is based on two assumptions: (1) the CSF can be well described by a truncated log parabolic function with four parameters: peak gain, peak spatial frequency, bandwidth at half-height, and low-frequency truncation level; and (2) the slopes of psychometric functions at different spatial frequencies are the same. Violations of these assumptions can adversely affect the validity of the qCSF method, especially for clinical populations with significantly different optical and neural characteristics.^[@i2164-2591-7-6-9-b34]^ The first assumption was supported by the following results in the current study: (1) the correlation coefficient between the estimated CSFs from the qCSF and Psi methods was greater than 0.98, (2) the mean difference between the estimated contrast sensitivities from the two methods in the Bland-Altman analysis was 0.017 and 0.023 log10 units for the young and old observers, respectively, and (3) the RMSE difference between the two methods, estimated across the tested frequencies, was 0.053 log10 units. The second assumption was supported by the results in a parallel study, in which we collected data with a large number of trials for each digit stimulus in each spatial frequency condition (Zheng et al. Comparing contrast sensitivity functions measured using digit and grating stimuli. In preparation). We investigated the psychometric properties of each individual digit and found that the slope of the psychometric function for all digits in all the spatial frequency conditions is essentially the same. Taken together, these results provide strong support of the underlying assumptions of the qCSF method in the 10AFC digit identification task.

The RMSE, standard deviation and HWCI of the estimated CSFs from the qCSF method were not significantly different between the young and old groups. The result suggested that the qCSF method with the 10 digit identification task is equally applicable for the young and old populations with normal sights. It is also consistent with the results from several previous qCSF studies that showed that the precision of the method did not depend on patients\' overall level of visual deficits (Lesmes L, et al. *IOVS*. 2012;53:ARVO E-Abstract 4358; Rosen R, et al. *IOVS*. 2015;56:ARVO E-Abstract 2224; Ramulu PY, et al. *IOVS*. 2015;56:ARVO E-Abstract 2225; Babakhan L, et al. *IOVS*. 2015;56:ARVO E-Abstract 3901).^[@i2164-2591-7-6-9-b15],[@i2164-2591-7-6-9-b54]^

Although their visual acuities were normal, we found that the old observers had reduced CSF compared to the young observers, consistent with other studies in the literature.^[@i2164-2591-7-6-9-b55][@i2164-2591-7-6-9-b56]--[@i2164-2591-7-6-9-b57]^ The AULCSF of the old group decreased by 0.21 log10 units compare to that of the young group. The magnitude of the AULCSF drop was less than the 0.31 log10 unit reported by Owsley et al.^[@i2164-2591-7-6-9-b58]^ One contributing factor is that our old observers had better visual acuity than those reported by Owsley et al.^[@i2164-2591-7-6-9-b58]^ (MAR 1.0 vs. 1.27). Another factor could be that the stimuli used for CSF testing in the two studies are different. We used digit stimulus and varied stimulus size at difference spatial frequencies while Owsley et al.^[@i2164-2591-7-6-9-b58]^ used grating stimulus with fixed stimulus size at all spatial frequencies. Consistent with our previous study,^[@i2164-2591-7-6-9-b14]^ the qCSF method is very sensitive in detecting CSF changes between groups. With the 0.21 log10 unit AULCSF difference, we could detect the difference between the young and old groups in eight trials in a single run of the qCSF method or with one trial in each of eight qCSF runs.

Taken together, the qCSF method implemented in a 10AFC digit identification task delivers an accurate, precise, and efficient assessment of contrast sensitivity for both young and old non-Latin alphabet-using observers. In complement to our previous study of the qCSF method,^[@i2164-2591-7-6-9-b13][@i2164-2591-7-6-9-b14]--[@i2164-2591-7-6-9-b15],[@i2164-2591-7-6-9-b20]^ our current results suggested that the qCSF method is a potentially powerful tool in clinical applications.
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